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Abstract 

We study chargino production e + e~ — * XiXi an d the subsequent 
leptonic decay \i ~~ > Xi e ~^e including the complete spin correlations 
between production and decay. We work out the advantages of po- 
larizing the e + and e~ beams. We study in detail the polarized cross 
sections, the angular distribution and the forward-backward asymme- 
try of the decay electron. They can be used to determine the sneutrino 
mass mr, . 
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1 Introduction 



If weak-scale super symmetry (SUSY) is realized in nature, then SUSY par- 
ticles will be observable at an e + e~ linear collider with c.m.s. energy in 
the range ^fs < 1 TeV. The experimental study of charginos and the deter- 
mination of their properties will be particularly important. The charginos 
xf, i = 1,2, are the mass eigenstates of the charged W-ino-higgsino sys- 
tem. In the Minimal Supersymmetric Standard Model (MSSM) their mass 
eigenvalues and eigenstates are determined by the parameters M2, [i and 
tan [3. 

Previous papers mainly analyzed production cross sections and decay 
branching ratios in the MSSM (see, e.g. [|], and references therein). 
Recently in Q a method has been proposed for determining the SUSY 
parameters M2, /i, tan/3 and m/> e by measuring suitable observables in 
e + e~ — > xfxj ) hj = 1; 2- For a determination of the properties of charginos 
it is necessary to measure also angular distributions and angular correlations 
of the decay products. In the calculation of these observables the full spin 
correlations between chargino production and decay have to be taken into 
account. This has been done in recent analyses in ||, where the process 

e + e" xfxj (1) 
with polarized beams and the subsequent leptonic decays 

xj -> y&rti (2) 

have been studied. In 0] analytical formulae including the complete spin 
correlations have been presented. These formulae are also applicable in the 
case of complex couplings. The Feynman diagrams for the production (|l|) 
and the decay (|2|) are shown in Fig. [l]. 

The present paper is based on our analyses in ||. We study chargino 
production and decay with polarized e + and e~ beams. We use the MSSM 
as general framework and give predictions for the total cross section, the 
angular distribution of the decay lepton, and its forward-backward asym- 
metry. We show that using polarized e + beams together with polarized e~ 
beams can enhance the cross sections and can give additional information on 
the mixing character of the charginos and the masses of the exchanged par- 
ticles. We study the mc, e and dependence of the decay lepton forward- 
backward asymmetry, which can be used to determine m;> e . 
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2 Differential Cross Section 



The differential cross section for the combined reaction of (||) and (|2|) is 
given by: 

da e = -^-|T| 2 (27r) 4 5 4 (pi + p 2 -^2pi)dlips(p 3 . . .pro), (3) 

t 

where dlips(j>3 . . . pio) is the Lorentz invariant phase space element. The 
amplitude squared is [Q] 

|T| 2 = A\A(xt)\ 2 \A(xj)\\P(xtxj)D(xt)D(xj) 

3 3 
0=1 6=1 

+ E s?, fe (x+x7)^fc + )^(x7)), (4) 

0,6=1 

where P{xfxj) {D{xt )> ^ (x7) ) denotes the part of the unnormalized 
spin density matrix (decay matrix), which is independent of the chargino 
polarization, and Ef,(#), X fe p(x7), E^fo+xJ) i^Uxf), ^ b D (xj)) denote 
those parts of the spin density matrix (decay matrix) which depend on the 
chargino polarization. If all spin correlations are neglected, then only the 
first term contributes. The second and third term describe the spin correla- 
tions between production and decay. denotes the transverse polarization 
in the production plane, S 2 is the polarization perpendicular to the produc- 
tion plane, and is the longitudinal polarization of the decaying chargino. 
Tip is due to the correlations between the polarizations of both decaying 
charginos, with a, b = 1,2 referring to transverse chargino polarizations, 
and a, b = 3 referring to longitudinal polarization. The chargino propaga- 
tors are given by A(x fc ) = l/[p1 — m\ + irrikTk] with four-momentum pk, 
mass mfc, and total width of the decaying particle. For more details we 
refer to § §, §. 

3 Numerical Analysis and Discussion 

In the MSSM M the masses and couplings of charginos and neutralinos are 
functions of the parameters Mi, M2, /i, tan/?, with Mi normally fixed by 
the GUT relation Mi = §M 2 tan 2 e M /- As we do not consider CP violating 
effects, the parameters can be chosen real. The explicit expressions for the 
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neutralino and chargino mass mixing matrices can be found in (note that 
in Refs. jl], f|, ||] the notation M' and M for Mi and M2 was used). 

We will study a gaugino-like and a higgsino-like scenario, which we 
denote bei A and B, respectively. Scenario A j|] is a mSUGRA scenario 
with the corresponding MSSM parameters given in Table [l]. Xi an d Xi 
have a large gaugino component. For easier comparison we want to have in 
the higgsino-like scenario B similar masses for Xi , X?> an d Therefore 
we have relaxed the GUT relation for the gaugino mass parameters. The 
parameters of scenario B are given in Table [l|. 



3.1 Beam polarization dependence of the total cross section 

In Figs. |2|a and b we show the cross section a(e + e~ — ► X1X1) at y/s = 
2m -± + 10 GeV for scenarios A and B, respectively, as a function of the 

electron beam polarization Pi and positron beam polarization P? (with 
P± = {—1,0, 1} for {left-,un-, right-} polarized). The white area is covered 
by an electron polarization |P£| < 85% and a positron polarization \Pl\ < 
60%. It can be seen that the beam polarizations may be used to enhance the 
cross section. One can gain a factor of about two by polarizing the positron 
beam in addition to the electron beam. Owing to the v e exchange the effect 
is biggest if the electron is left and the positron right polarized. We choose 
y/s not too far from threshold, because the spin correlations to be discussed 
below decrease with y/s [||. 

Since in the chargino process the i> e exchange in the t-channel favours left 
polarized electron beams and right polarized positron beams, one expects 
for gaugino-like scenarios the following sequence of polarized cross sections 
[H| for |Pl| = 85% and \P\\ = 60% ( these values of |P£| and |P+| are used 
throughout the paper): 

a-+ > a~° > a° e ° > a~~ > a++ > a e +0 > a+~. (5) 

Here (— +) etc. denotes the sign of the electron polarization P£ and of the 
positron polarization P^, respectively, and a e is defined as 

o e = a{e + e~ -» X1X1) x BR(xi -> Xi^Ue), (6) 

where we assume that only one chargino decays leptonically. 

For pure higgsinos near threshold one would have due to Z° exchange 

a"+ > of > a" > of > at > a~~ > of. (7) 

Since in chargino pair production also 7 exchange contributes, the relations 
(H)> (@) are on ly approximately valid. Nevertheless, one can get additional 
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information if the electron and the positron beam are polarized, since the 
sequences of polarized cross sections for gaugino-like and higgsino-like sce- 
narios are different. If one had only the electron beam polarized, in both 
scenarios one would obtain the same sequence of polarized cross sections, 
namely a~° > a 00 > a +0 . 

In scenario A we get for |P£| = 85% and |P^| = 60% at y/s = 2m ~± + 
10 GeV the results given in Table ||. They fulfil the relation (||) for polar- 
ized cross sections. However, in the higgsino-like scenario B the sequence is 
different from relation ([?]) due to 7 exchange and in particular 7Z interfer- 
ence. 



3.2 Spin effects in the lepton angular distribution and in the 
lepton forward— backward asymmetry 

We will discuss the lepton angular distribution da e /dcos@ e in the overall 
c.m.s. of the combined reactions (|l|) and (|2|). Here O e denotes the angle 
between the electron beam and the outgoing e~. The forward-backward 
asymmetry Afb of the decay lepton is defined as 

^ B _ o- e (cose e > 0) - o- e (cose e < 0) ^ 

<T e (cOS G e > 0) + <7 e (cOS B e < 0) 

This observable is very sensitive to the gaugino component of the chargino 
and the mass of the exchanged sneutrino and slepton. While in a e , eq. ([]), 
the leptonic branching ratio of Xi enters, which depends on the parameters 
of the squark sector, Apb, eq. (|8|), has the advantage of being independent 
of the squark sector. 

First we discuss how the spin correlations depend on the mixing charac- 
ter of the charginos @. In Figs. |a and b we show the angular distribution 
da e /d cos e of the decay lepton for scenarios A and B, respectively, for un- 
polarized beams and for both beams polarized at y/s = 2m ~± + 10 GeV. The 

Xi 

angular distributions are compared with those, where no spin correlations 
are taken into account. Without spin correlations the cos e dependence 
would be much flatter. It can also be seen that the spin correlations are 
more important in the gaugino-like scenario. 

In Figs. Qa and b Aps is shown with and without spin correlations as a 
function of y/s for the two scenarios. In the gaugino-like scenario A Aps can 
reach 40% at y/s = 500 GeV. The large asymmetry in scenario A, Fig.|]a, is 
due to the v e exchange in the crossed channel. Also the exchange in the 
decay Xi ~^ Xi e ~^e plays an important role. Therefore in the gaugino-like 
scenario A Apb depends appreciably on mg L (see also Fig. |^). 
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In the higgsino- like scenario, Fig. |]b, Z° and exchanges in produc- 
tion and decay, respectively, dominate. Therefore, Afb is much smaller, 
Afb < 8%. However, in both scenarios, close to threshold, Afb would be 
one order of magnitude smaller if the spin correlations are neglected. For 
fixed chargino masses the correlations decrease with y/s. This happens more 
rapidly in the gaugino case. At energies far from the threshold the charginos 
have a large energy, and the decay lepton has essentially the same direction 



as the chargino [11]. 



In scenario A the dependence of Afb on the polarizations of the beams 
is very weak, see Table ||. The enhancement of the cross section for left 
polarized electron beams and for right polarized positron beams is cancelled 
in the ratio of the cross sections <7 e (cosO e ) in (|8[) . In scenario B Afb 
depends more strongly on the polarizations of the beams, see Table H The 
Z° couplings to the higgsino components of the charginos determine the 
behaviour of Afb- The sign of Afb can even flip if the polarization of 
the electron beam is changed from left to right due to the dominating axial 
coupling of Z°e + e~. However, since the crossed channel contributions are 
suppressed, Afb is smaller than in scenario A and lies between —6% and 
+8%. 

3.3 Sneutrino mass dependence of a e and Afb 

If the chargino Xi nas a substantial gaugino component, the sneutrino ex- 
change in the t-channel has a strong influence on the cross section and 
angular distribution of chargino production. In |12|, [0]] it was studied if 
the sneutrino mass m;> e can be determined from the angular distribution 
of the production process e + e~ — ► XiXi ■ I n this subsection we study the 
mj; e dependence of the cross section a e , eq. (g), as well as the decay lepton 
angular distribution of e + e~ — ► XxXi-i X\ ~~ * Xi e ~^e, and the decay lepton 
forward-backward asymmetry Afb, eq. (|8|). As these observables depend 
decisively on the spin correlations, it is instructive to have a closer look on 
their dependence. These observables also depend on the slepton mass 
mg L , due to the ei exchange in the decay amplitude. Since If and i>i are 



members of the same SU(2)l doublet, we assume the relation [13, 14] 



m~ L = m\ - mw cos 2(3 (9) 

between their masses, with m\v the mass of the boson. As this relation 
is based on weak SU(2)f symmetry, it has to be fulfilled at tree level, and 
can only be modified by radiative corrections. 
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tan (3 
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m-± 
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400 
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71 


149 


217E-6 



Table 1: SUSY parameters and masses in scenarios A Q and B. Masses and 
total width are given in GeV. 
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Table 2: Polarized cross sections a e = a(e + e~ — > XiXi) x BR(xi —* 
Xie _ f e )/fb and forward-backward asymmetries Afb of the decay electron 
at yfs = 2m + 10 GeV in scenarios A and B, see Table [l], for unpolarized 

beams (00), only electron beam polarized (—0), (+0) with P£ = ±85% and 
both beams polarized with P£ = ±85%, Pi = ±60%. 



In Figs, ||a and b we show a e as a function of m„ e for three sets of 

e" and e+ beam polarizations (P? ,P\) = (-85%, ±60%), (-85%, 0), (0,0) 

at ^fs = 2m-± ± 10 GeV and y/s = 500 GeV, respectively. The other 

n 

SUSY parameters, apart from m^ e and mg L , are as in scenario A (Table [y). 
The cross section a e , as shown in Fig. ^a and b, exhibits a pronounced 
minimum, which is due to the destructive interference between Z exchange 
and v e exchange. For \fs near threshold this minimum is approximately 
at my e k m-i and in the limit y/s — > 2m ~± the minimum reaches exactly 

Xi Xi 

mo — ► m~±. For -v/s = 500 GeV the minimum is shifted to mr, ~ 250 GeV 
(Fig. |b). Due to this minimum one gets an ambiguity when determining 
m^ e by measuring a e . 

The cross section is biggest for left -polarized e~ beam and right-polarized 
e + beam. Compared to the unpolarized cross section one can gain a factor 
of 1.8 if only the e~ beam is polarized (P£ = —85%), and a factor of about 
3 if both beams are polarized (P£ = — 85%, P^ = ±60%). Also the de- 
pendence is strongest for (P£,P^) = (—,+). For < m-± the two-body 

decay \\ ~^ e~v e is opening. 
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Also the decay lepton angular distribution depends significantly on mo e - 
In Figs. |6)a and b we plot the cos e distribution at y/s = 2m-± + 10 GeV, 
for unpolarized and polarized beams, taking m„ e = 130 GeV and 250 GeV, 
respectively. For mp e = 130 GeV (Fig. ||a) the cos e distribution is rela- 
tively flat due to interference effects in the spin terms. In Fig. ^a, the cos e 
distribution is a superposition of Z exchange and v e exchange behaviour. 
For mp e = 250 GeV (Fig. |6]b) the cos e distribution is mainly due to u e 
exchange and therefore has its maximum in the forward direction. 

In Figs. 0a and b we show the decay lepton forward-backward asymmetry 
Afb as a function of mp for polarized beams at y/s = 2m -± + 10 GeV 
and y/s = 500 GeV, respectively. In order to study the influence of mg L 
on the decay, we calculate Afb for mg L = 130 GeV, 150 GeV, 200 GeV, 
and for mg L fulfilling relation (|9|). The other SUSY parameters are as in 
scenario A (Table 0). The minimum of Afb is due to spin correlations. 
For y/s = 2m~± + 10 GeV (y/s = 500 GeV) Aps depends quite sensitively 
on up to mjj e 300 GeV (mp e « 1 TeV). The decrease of Afb for 
m,u e ^200 GeV (m^ e J>300 GeV) in Fig. 0a (Fig. 0b) is due to the decreasing 
v e exchange contribution for increasing m^. For y/s = 2m ~± + 10 GeV 
and > 200 GeV Afb exhibits also an appreciable mg h dependence for 
mg L < 200 GeV. Since the ej, exchange contributes only to the decay the 
dependence of Afb on rrie L is weaker for y/s = 500 GeV (Fig. 0b) than near 
threshold. 

Turning now to the question whether the sneutrino mass m^ e can be de- 
termined from chargino pair production and decay, we first consider the case 
that my e >y/s/2, where v e v e pair production is kinematically not possible. 
At y/s = 500 GeV the lepton forward-backward asymmetry Afb, as shown 
in Fig. 0b, is sensitive to m^. We will estimate the precision which can 
be expected if is determined from this observable. We assume that the 
slepton mass mg L and the other SUSY parameters are known with good pre- 
cision. For definiteness we take, e. g., mg L = 200 GeV, and the other SUSY 
parameters as in scenario A. If we take only the statistical error 5(Afb) 
and a luminosity of C = 500 fb _1 , Afb can be measured up to < ±1%. 
From Fig. we can estimate that in the range 350 GeV ^mj> e ^800 GeV 
an error of about 5mp e < ±10 GeV may be achieved. The experimental 
errors of rrig L and the other SUSY parameters are neglected. The ambiguity 
for v/i = 500 GeV (Fig. 0b) in the range 250 GeV ^^350 GeV can 
most probably be resolved by measuring Afb at different c.m.s. energies. 
Similarly, at y/s = 2m-± + 10 GeV (Fig. 0a), Afb is quite sensitive to mo e in 
the range 130 GeV<^ m,} e <^350 GeV where direct production is not possible. 
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The ambiguity present in this mp e range does not occur in a e . Hence, it can 
be resolved by using the data on Afb and on a e . For a more quantitative 
assessment of the accuracy of m„ e that can be expected from measuring the 
decay lepton forward-backward asymmetry in chargino production, Monte 
Carlo studies taking into account experimental cuts and detector simulation 
would be necessary. 

In case mj> e < \fs/2, D e D e pairs can be directly produced. If m~± < 

m ve < V^/2> then the visible decay v e — > e~xt is kinematically allowed, 
and will presumably have a sufficiently high branching ratio. We do not 
treat this case here, because measuring the cross section of e + e~ — > v e v e 
at threshold will then allow us to determine with good accuracy [15]. 
If mp < m~± < y/s/2, then v e has no visible decay with sufficiently high 

branching ratio. However, the two-body chargino decay X\ ~^ e~v e is 
possible. Measuring the endpoints of the energy spectrum of the decay 
leptons e + and e~ will provide a very precise determination of the masses 
m~± and m^. The alternative method to determine m^ e by measuring 
the decay lepton forward-backward asymmetry Apb of chargino production 
will, in principle, also be possible. However, the accuracy of mp e obtainable 
in this way is expected to be lower than that from the decay lepton energy 
spectrum. 



4 Conclusions 

We have studied chargino production with both the e~ and e + beam po- 
larized. By an appropriate choice of the polarization of both beams one 
can obtain up to three times larger cross sections. Also the sensitivity to 
the mixing character of the charginos and to the sneutrino mass is con- 
siderably enhanced. By taking into account the spin correlations between 
production and decay, we have investigated the angular distribution and the 
forward-backward asymmetry of the decay lepton of one of the charginos in 
e + e~ — > XiXi \ Xi ~^ Xi e ~v e - The forward-backward asymmetry strongly 
depends on the mixing character of the charginos. 

We have studied in detail the dependence on mp e . For appropriate beam 
polarizations the cross section is particularly sensitive to m£> e . Measuring 
the angular distribution and the forward-backward asymmetry will be useful 
for determining ray £ and thereby the mass relation m~ = m~ — cos 2(3 
can be tested. 
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Figure 1: Feynman diagrams for the production e + e — > XiXj an( ^ ^ ne 
decay processes xtj ~* Xk v l ■ 



11 




-1 -0.5 0.5 1 p3 _! _ .5 .5 1 

Figure 2: Contour lines of cross sections a(e + e~ — > xfxi) a t y/s = 
2m~± + 10 GeV in a) scenario A and b) scenario B. The longitudinal beam 

polarization for electrons (positrons) is denoted by (P+). The white re- 
gion is for |P£| < 85%, |P?| < 60% (dashed line if only the electron beam 
is polarized). 




-1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 -1 -0.8-0.6-0.4-0.2 0.2 0.4 0.6 0.8 1 

cos e cos 6 e 

Figure 3: Lepton decay angular distribution at = 2m-± + 10 GeV in a) 
scenario A and b) scenario B with (thick lines) and without spin correlations 
(thin lines) for unpolarized beams (00) and for P_ = —85%, P+ = +60% 



( — h), respectively. 
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b) Scenario B 



200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000 

Vi/GeV \/i/GeV 

Figure 4: Forward-backward asymmetries of the decay electron 
^_Fs(e + e~ — > xfxiiXi ~~ * Xi e ~v e )/% with (thick lines) and without spin 
correlations (thin lines) in a) scenario A and b) scenario B as a function of 
y/s for unpolarized beams. 
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Figure 5: Cross Section a e = a(e + e — > XiXi ) x BR{X\ ~^ Xi e v e in a) 



at y/s = 2m~± + 10 GeV and in b) at y/s = 500 GeV as function of m 

Xi 
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for unpolarized beams (00), only the electron beam polarized = 
(-0) and both beams polarized Pi = -85%, F% = +60% (-+). Other 
parameters as in scenario A. 
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Figure 6: Lepton decay angular distribution at yfs = 2m~± + 10 GeV for a) 
mi, e = 130 GeV and b) = 250 GeV for unpolarized beams (00) and for 
P- = —85%, P + = +60% ( — h). The other parameters as in scenario A but 
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